Aims/hypothesis It is a commonly held view that chronically elevated NEFA levels adversely affect insulin secretion and insulin action (lipotoxicity). However, the effect of NEFA on beta cell function has only been explored using acute NEFA elevations. Our aim was to analyse the relationship between endogenous NEFA levels and beta cell function. Methods In 1,267 individuals followed-up for 3 years, we measured insulin sensitivity (by clamp) and beta cell function (by C-peptide modelling during OGTT and as the acute insulin response [AIR] to IVGTT). Results At baseline, both fasting and insulin-suppressed NEFA levels were higher across glucose tolerance groups, while insulin sensitivity was lower, insulin output was higher, and beta cell glucose sensitivity and AIR were lower (all p<0.0001). In multiple logistic analyses adjusting for age, BMI, WHR and glucose tolerance, both fasting and insulin-suppressed NEFA levels were inversely related to insulin sensitivity, as expected (both p<0.0001). Furthermore, after adjusting for insulin sensitivity, insulin-suppressed NEFA were positively associated with total insulin output (p = 0.0042). In contrast, neither fasting nor insulinsuppressed NEFA were related to beta cell glucose sensitivity or AIR. At follow-up, worsening of glucose tolerance (n=126) was predicted by lower insulin and beta cell glucose sensitivity. In this model, baseline NEFA were not significant predictors of progression. Conclusions/interpretation In the non-diabetic state and in subjects with impaired glucose tolerance, circulating endogenous NEFA are not independently associated measures of beta cell function, and do not predict deterioration of glucose tolerance. Thus, in the Relationship Between Insulin Sensitivity and Cardiovascular Disease (RISC) cohort there is no evidence for beta cell lipotoxicity of endogenous total NEFA concentrations.
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Introduction
NEFA are the major fuel substrate for almost all tissues during fasting. Their plasma levels are higher during fasting and decline after feeding owing to the antilipolytic action of insulin. NEFA levels do not correlate with the grade of adiposity [1] , and are higher in women than in men due to their release primarily from subcutaneous (abdominal) rather than visceral adipose tissues [2] . Since Randle and colleagues [3] first proposed a glucose-fatty acid cycle (i.e. increased NEFA availability impairs glucose uptake), the pathophysiological effects of NEFA have been widely investigated. There is now wide consensus that insulin resistance in adipose tissue generates an excess of circulating NEFA, which in turn depress insulin sensitivity in skeletal muscle [4] . The effects of elevated NEFA concentrations on beta cell function are, however, less clear. Unger first described a negative effect of plasma NEFA on insulin secretion, for which the terms 'lipotoxicity' [5] and 'glucolipotoxicity' were coined [6] . Since then, in vitro and in vivo studies in animals and studies in humans have examined the relationship between NEFA and beta cell function, with mixed results. In vitro, addition of NEFA to perfused rat islets affects insulin release in a time-dependent fashion, with a short exposure stimulating [7, 8] and a prolonged exposure inhibiting insulin secretion [9, 10] . The same response pattern is confirmed in in vivo studies in rats [11] [12] [13] . In humans, on the other hand, Boden and co-workers [14] reported that a 48 h lipid infusion induces an appropriate insulin secretory response in healthy individuals, which is defective in type 2 diabetic patients [15] . In contrast, Carpentier et al [16] showed that, in non-diabetic individuals, an acute (90 min) lipid infusion increases insulin secretion, and such effect disappears when the infusion is prolonged for 48 h. The same group also reported that obese non-diabetic individuals are susceptible to the inhibitory effect of lipids on glucose-induced insulin secretion [17] . DeFronzo and colleagues [18] suggested that a sustained (4 days) exogenous infusion of NEFA inhibited glucose-induced insulin secretion in normal glucose tolerance (NGT) participants with positive family history of type 2 diabetes, whereas insulin secretion was enhanced in control participants with negative family history. Finally, an earlier study in Pima Indians reported that fasting NEFA levels are an independent risk factor for incident type 2 diabetes [19] , while a more recent analysis of the same database failed to confirm this finding [20] .
The heterogeneity of published studies carried out in disparate models and with different experimental protocols prompted us to ask the question, whether endogenous, i.e. circulating, NEFA bear an independent relation to beta cell function when the latter is assessed by multiple variables, and whether NEFA levels are an independent predictor of deterioration of glucose tolerance in non-diabetic individuals. To this end, we analysed the baseline and follow-up data of the Relationship Between Insulin Sensitivity and Cardiovascular Disease (RISC) study, in which 1,300 healthy non-diabetic participants received a euglycaemic-hyperinsulinaemic clamp as a direct measure of insulin sensitivity, an OGTT and an IVGTT for the assessment of various aspects of beta cell function.
Methods
Study cohort RISC is a prospective, observational, cohort study whose rationale and methodology have been published previously [21] . In brief, participants were recruited from the local population at 19 centres in 13 countries in Europe according to the following inclusion criteria: either sex, age 30-60 years (stratified by sex and by age according to 10-year age groups), BMI 17-44 kg/m 2 and clinically healthy. Initial exclusion criteria were treatment for obesity, hypertension, lipid disorders or diabetes, pregnancy, cardiovascular or chronic lung disease, weight change of ≥5 kg in past month, cancer (in past 5 years) and renal failure. Exclusion criteria after screening were arterial BP ≥140/90 mmHg, fasting plasma glucose ≥7.0 mmol/l, 2 h plasma glucose (on a standard 75 g OGTT performed in each individual) ≥11.0 mmol/l or known diabetes, total serum cholesterol ≥7.8 mmol/l, serum triacylglycerols ≥4.6 mmol/l and electrocardiogram abnormalities. Baseline examinations included 1,538 participants receiving an OGTT. Of these, 1,267 also received a euglycaemic-hyperinsulinaemic clamp; their baseline data have been published [22] .
All 1,267 participants of the baseline clamp cohort were recalled 3 years later and 1,040 (82%) participated in the follow-up evaluation. The baseline anthropometric and metabolic characteristics of the 227 individuals who were lost to follow-up were superimposable on those of the individuals who participated (data not shown). The follow-up study included all the baseline measurements (anthropometrics, routine blood chemistry and OGTT) except for the glucose clamp.
Local ethics committee approval was obtained by each recruiting centre. Participants were given detailed written information on the study as well as an oral explanation, and they all signed a consent form.
Based on the observed changes of glucose tolerance at follow-up, participants were classified as non-progressors (i.e. NGT at both baseline and follow-up) or progressors (i.e. those stepping up along the sequences NGT→impaired fasting glucose (IFG), NGT→impaired glucose tolerance (IGT), NGT →type 2 diabetes, IFG →IGT, IFG→type 2 diabetes, IGT → type 2 diabetes, between baseline and follow-up).
OGTT Blood samples were taken before and at 30, 60, 90 and 120 min into the OGTT. Blood samples were separated into plasma and serum, aliquotted, and stored at −80°C for glucose, insulin and C-peptide determination. Samples were transported on dry ice at prearranged intervals to central laboratories.
Insulin clamp On a separate day within 1 week of the OGTT, a euglycaemic-hyperinsulinaemic clamp was performed in all participants. Exogenous insulin was infused at a rate of 240 pmol min −1 m −2 simultaneously with a variable 20% dextrose infusion adjusted every 5-10 min to maintain plasma glucose level within 0.8 mmol/l (±15%) of the target glucose level (4.5-5.5 mmol/l).
IVGTT In 762 of the 1,267 participants, the acute insulin response to intravenous glucose (AIR) was measured at the end of the clamp: a glucose bolus (0.3 mg/kg body weight) was injected over 1 min, and plasma glucose, insulin and C-peptide concentrations were measured at 2, 4, 6 and 8 min after the bolus.
Analytical procedures Plasma glucose was measured by the glucose oxidase technique. Serum insulin was measured by a specific time-resolved immunofluorometric assay (AutoDELFIA, Insulin kit, Wallac, Turku, Finland) with the following assay characteristics: detection limit >3 pmol/l, intra-and interassay variation 1.7% and 3.5%, respectively. The intra-and interassay coefficient of variation was <5 and <10%, respectively. NEFA were assayed by a fluorimetric method (Wako, Neuss, Germany).
Data analysis Fat-free mass (FFM) was evaluated by the TANITA bioimpedance balance (Tanita International Division, UK). Fat mass was obtained as the difference between body weight and FFM. Glucose tolerance was categorised into NGT, IGT and IFG [21] . Insulin sensitivity was calculated as the M value during the final 40 min of the 2 h clamp (normalised to the FFM and the mean plasma insulin concentration measured during the same interval: M/I, in units of μmol kg FFM −1 min
Because fasting NEFA show wide between-and withinsubject variability (as they are strongly related to fasting insulin and glucose levels), steady-state NEFA (ssNEFA) levels were used for the main analyses. In fact, under clamp conditions (i.e. at similar plasma insulin and glucose levels) plasma NEFA are stable in each individual during the second hour of the clamp.
Beta cell function Beta cell function was assessed from the OGTT using a model describing the relationship between insulin secretion rate (ISR, expressed in pmol min
) and glucose concentration as the sum of two components [23, 24] . The first component represents the dependence of ISR on glucose concentration through a dose-response function relating the two variables. From the dose-response, beta cell glucose sensitivity (the slope) is calculated. The dose-response is modulated by a potentiation factor, accounting for various mechanisms (prolonged hyperglycaemia, non-glucose substrates, gastrointestinal hormones, neural modulation). The potentiation factor averages 1 during the test and expresses relative potentiation or inhibition of ISR; its excursion is quantified by the ratio between the 2 h and the baseline value (potentiation ratio). The second ISR component represents the dependence of ISR on the rate of change of glucose concentration and is determined by a single parameter (rate sensitivity), which is related to early insulin release [25] . The model parameters were estimated from glucose and C-peptide concentrations (using C-peptide deconvolution as previously described [26] ). The integral of ISR during the whole test (total ISR) was also calculated.
With the IVGTT, the acute insulin response to intravenous glucose was expressed as the incremental insulin secretion/ glucose area ratio over the same time interval (IS/AUC G , in pmol m
). Peripheral insulin clearance rate was calculated as the ratio of nominal exogenous insulin infusion rate and steady-state plasma insulin concentrations during the clamp.
Statistical analysis Data are reported as mean±SD; variables with skewed distribution are summarised as median and interquartile range (IQR) and were logarithmically transformed for use in parametric statistical testing. Group values were compared by the Mann-Whitney or the Kruskal-Wallis test for continuous variables, or the χ 2 test for nominal variables. ANCOVA was used to adjust group comparisons for potential confounders. Simple associations were tested by Spearman ρ, and logistic regression was used to predict outcome. A p value ≤0.05 was considered statistically significant.
Results
Baseline As expected, all the anthropometric and metabolic variables (including plasma glucose, insulin, and glucagon) worsened across glucose tolerance status from NGT to IFG to IGT (Table 1) . Despite their wide variability (~50%), fasting NEFA levels also increased from NGT to IGT. After partialling for age (partial r=0.07, p<0.01), BMI (partial r=−0.03, p=ns), WHR (partial r=−0.12, p<0.0001) and insulin sensitivity (partial r=−0.14, p<0.0001), the difference in fasting NEFA across the three groups was still significant though attenuated (partial r=0.09, p=0.001).
During the clamp, while steady-state plasma insulin concentrations were similar across the three groups, insulin sensitivity declined significantly ( Table 2) . As expected, ssNEFA levels (i.e. last 40 min of the 2 h clamp) were suppressed relative to fasting NEFA (p<0.0001 for each group), but such suppression decreased from NGT to IGT (from 90% for NGT to 85% for IGT, p<0.0001). After partialling for age, BMI, WHR and insulin sensitivity, ssNEFA was progressively higher across the three groups (p=0.017).
During the OGTT, fasting ISR and total insulin output increased, whereas beta cell glucose sensitivity and potentiation decreased, across the three groups. During the IVGTT, the acute insulin secretory response (IS/AUC G ) decreased across groups; in the whole dataset, IS/AUC G was positively correlated with beta cell glucose sensitivity from the OGTT (ρ=0.30, p<0.0001).
In the whole dataset, total insulin output was directly related-and glucose sensitivity was reciprocally related-to sexspecific quartiles of 2 h plasma glucose concentrations (Fig. 1) . In bivariate analysis, total insulin output was directly related to 2 h plasma glucose (p<0.0001) and, independently, to NEFA (as sex-specific quartiles of ssNEFA) (p<0.0001). In contrast, glucose sensitivity was strongly related to 2 h plasma glucose quartiles in an inverse manner (p<0.0001) but not to ssNEFA quartiles (Fig. 2) . In a multivariate model controlling for sex, age, BMI, WHR, 2 h plasma glucose (and also insulin sensitivity in the case of the beta cell variables), ssNEFA were significantly associated with insulin sensitivity (reciprocally, p<0.0001) and total insulin output (directly, p<0.0001), but not to beta cell glucose sensitivity (p=0.67; Fig. 3 ). In this model, ssNEFA were reciprocally related to peripheral insulin clearance (p<0.03), in line with previous work [27] . Of interest was that ssNEFA were reciprocally associated with the potentiation ratio (p=0.03, after adjusting for sex, age and BMI).
Of note, when in these multivariate models ssNEFA levels were replaced by the fasting NEFA concentrations, the results were similar (not shown). Follow-up At follow-up, 866 participants were NGT, 40 were IFG, 123 were IGT and 19 had type 2 diabetes. In total, 126 participants were progressors, i.e., their glucose tolerance was worse at follow-up than at baseline. Baseline ssNEFA, but not baseline fasting NEFA, was significantly (p=0.02) higher in progressors than non-progressors (33 [35] vs 25 [30] μmol/l).
In univariate logistic regression, baseline ssNEFA predicted progression (p<0.05). However, in the full prediction model, including WHR, fasting plasma glucose, insulin sensitivity and beta cell glucose sensitivity, baseline ssNEFA levels were unrelated to progression (Fig. 4) . Of note, in the baseline cohort there were 23 NGT participants (13 women and 10 men) with both a father and mother with type 2 diabetes. When compared with an age-, sex-and BMI-matched group of NGT participants with negative family history of type 2 diabetes, the only significant difference was in insulin sensitivity (124 [57] [30] μmol/l, p=0.06), they were not significantly related to beta cell glucose sensitivity, and the reciprocal relationship between NEFA and insulin sensitivity was similar in these two groups as was the progression rate to dysglycaemia at follow up.
Discussion
The main findings from this work were: (1) circulating NEFA levels were inversely related to insulin sensitivity; (2) NEFA were directly related to absolute insulin release; (3) NEFA were unrelated to beta cell glucose sensitivity; and (4) baseline NEFA did not predict deterioration of glucose tolerance at follow-up. These results require specification. First, the reciprocal relationship between endogenous NEFA and insulin sensitivity has been consistently reported in previous studies [4, 28] . In our cohort, this association was present regardless of glucose tolerance status, and was still statistically significant after adjusting for all measured confounders, including plasma glucose levels themselves. In support of the relation of NEFA to insulin action are also studies demonstrating that acutely raising plasma NEFA induces insulin resistance [29] , whereas pharmacological suppression of NEFA release (e.g., with the use of acipimox) potentiates insulin-mediated glucose uptake [30] .
With regard to the direct association of NEFA with absolute insulin release, the literature reports mixed results, obtained with a variety of methods, sample sizes and experimental protocols (especially for the measurement of insulin secretion). As argued by Karpe et al [31] , the main difficulty is represented by the fact that fasting NEFA typically show wide betweenand within-subject variability as they are strongly related to fasting insulin and glucose levels ( Table 1 ). In contrast, under clamp conditions (i.e. at similar plasma insulin and glucose levels) plasma NEFA are stable in each individual during the second hour of the clamp. We find that these ssNEFA levels are positively related to insulin secretion-as measured during the OGTT-independently of sex, obesity, insulin sensitivity and glucose tolerance status (Fig. 3) . This finding provides strong support to the notion that endogenous NEFA normally exert a tonic stimulatory influence on insulin release. Coherent with this conclusion are the studies of Dobbins et al [32] , which showed that suppressing lipolysis in fasted humans led to a 30%-40% inhibition of the insulin response to intravenous glucose in comparison with maintaining plasma NEFA by an Intralipid+heparin infusion. On the other hand, DeFronzo and colleagues [18] reported a small inhibitory effect on insulin release of a sustained (4 days) lipid infusion in a group of NGT participants with familial type 2 diabetes as compared with NGT participants without familial type 2 diabetes, in whom insulin release was marginally stimulated. Of note is that such differences emerged only when C-peptide concentrations were used to index insulin secretion, while plasma insulin levels were indeed similar between the two study groups. In fact, the authors attributed this disconnect to a decreased hepatic insulin clearance [18] . In our matched groups of NGT participants without or with strong family history of type 2 diabetes, we were unable to find any difference in insulin release that could not be accounted for by the degree of insulin resistance. These divergent results may be explained by the circumstance that DeFronzo and colleagues [18] used a prolonged infusion of exogenous lipids whereas we sought to establish a link between endogenous NEFA and insulin secretion. In contrast with the results on absolute insulin secretion, we did not detect an independent relation of NEFA to beta cell glucose sensitivity, which is the main mode of beta cell function to control glycaemia [23, 25] . We therefore conclude that the current results do not support the paradigm of lipotoxicity. The concept of lipotoxicity has emerged primarily from in vitro studies of cultured islets or beta cell lines, typically exposed to high concentrations of the saturated fatty acid, palmitate. The monounsaturated fatty acid, oleate, on the other hand, has been shown to stimulate glucose-induced insulin release, at least in some in vitro systems (e.g., cultured INS-1e cells [33] ). In line with this construct, the composition of human plasma NEFA-which reflects adipose tissue and dietary fatty acid composition-shows a predominance of monounsaturated (~40%) over saturated fatty acids (~27%) [34] . Finally, to our knowledge, no human studies have measured beta cell glucose sensitivity separately from absolute insulin secretion in a large enough sample covering a wide range of BMI and insulin sensitivity, as we did in the present study.
In accordance with the cross-sectional data, we report that baseline NEFA levels did not predict incident dysglycaemia in either the NGT or IFG/IGT participants in our cohort. Of note is that a study in Pima Indians proposed that basal fasting NEFA levels predicted incident type 2 diabetes in this ethnic group [19] . However, a subsequent analysis of the same database using appropriate statistical adjustment for confounders failed to confirm the hypothesis, and concluded that chronically elevated plasma NEFA have a deleterious effect on insulin secretory capacity only in participants with IGT [20] . Likewise, in a prospective cohort from the Ely study, fasting NEFA concentrations did not predict the development of type 2 diabetes [35] , while a more recent analysis of this cohort reached the opposite conclusion [36] .
In summary, our data show that plasma NEFA are strongly related to insulin sensitivity in a reciprocal fashion, and are independently related to insulin secretion in a direct manner. On the other hand, NEFA are not independently associated with beta cell glucose sensitivity nor do they predict incident dysglycaemia independently of its main determinants (beta cell glucose insensitivity and insulin resistance). It is important to emphasise that this conclusion applies to endogenous circulating NEFA as measured in a cohort of white participants. We cannot rule out that NEFA from other sources, such as the lipid emulsions used in acute infusion experiments or from test diets, may show a different relation to beta cell function or insulin sensitivity. Also, it is possible that lipid species that circulate at very low concentrations or are secreted in response to fat ingestion [37] may act as signal molecules to influence some aspect of beta cell function. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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